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Nuclear import of Ran is mediated by the transport factor NTF2
Alicia Smith, Amy Brownawell and Ian G. Macara
A concentration gradient of the GTP-bound form of the
GTPase Ran across nuclear pores is essential for the
transport of many proteins and nucleic acids between
the nuclear and cytoplasmic compartments of
eukaryotic cells [1–4]. The mechanisms responsible for
the dynamics and maintenance of this Ran gradient
have been unclear. We now show that Ran shuttles
between the nucleosol and cytosol, and that cytosolic
Ran accumulates rapidly in the nucleus in a saturable
manner that is dependent on temperature and on the
guanine-nucleotide exchange factor RCC1. Nuclear
import in digitonin-permeabilized cells in the absence
of added factors was minimal. The addition of energy
and nuclear transport factor 2 (NTF2) [5] was sufficient
for the accumulation of Ran in the nucleus. An NTF2
mutant that cannot bind Ran [6] was unable to
facilitate Ran import. A GTP-bound form of a Ran
mutant that cannot bind NTF2 was not a substrate for
import. A dominant-negative importin-b mutant
inhibited nuclear import of Ran, whereas addition of
transportin, which accumulates in the nucleus,
enhanced NTF2-dependent Ran import. We conclude
that NTF2 functions as a transport receptor for Ran,
permitting rapid entry into the nucleus where GTP–GDP
exchange mediated by RCC1 [7] converts Ran into its
GTP-bound state. The Ran–GTP can associate with
nuclear Ran-binding proteins, thereby creating a Ran
gradient across nuclear pores.
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Results and discussion
Ran is a key player in the nucleocytoplasmic transport of
macromolecules [1,2]. Destruction of Ran–GTP within
the nucleosol abolishes many forms of nuclear import and
export [3,4]. These data, however, do not establish
whether nuclear Ran–GTP acts simply as a ‘marker’ for
the nuclear compartment or whether it provides the
driving force for active transport [2,8,9]. In the latter case,
Ran would be expected to shuttle rapidly between the
nuclear and cytoplasmic compartments. 
To test this hypothesis, we performed homokaryon fusion
assays to detect Ran shuttling between nuclei. Two cul-
tures of BHK21 (baby hamster kidney) cells were trans-
fected separately either with pKH3-Ran, to express Ran
tagged with a triple haemagglutinin (HA) motif at the
amino terminus, or with a plasmid encoding a fusion of the
glucocorticoid receptor and green fluorescent protein
(GR–GFP) [10]. Cells expressing HA–Ran were mixed
with cells expressing GR–GFP and were fused using poly-
ethylene glycol to form homokaryons. After 30–60 minutes
incubation in the presence of cycloheximide to inhibit new
protein synthesis, the cells were fixed and HA–Ran was
detected by indirect immunofluorescence (Figure 1a). The
glucocorticoid receptor has been shown previously to move
between the cytosol and nucleus, therefore acting as a posi-
tive control for shuttling [11,12]. If Ran remained stably
associated with the nuclei, we would observe paired green
and yellow (representing merged red and green) nuclei,
because the GR–GFP (green) would shuttle but the
HA–Ran (red) would not. If Ran shuttles, then each
nucleus within the homokaryon would be yellow. As shown
in Figure 1a, both nuclei within a homokaryon were yellow,
whereas in non-fused cells the nuclei were either green or
red. This result indicates that Ran is capable of moving in
and out of nuclei within a relatively short time frame. 
To investigate the rate and mechanism of Ran import,
recombinant HA–Ran was injected, together with rho-
damine-conjugated dextran (TRITC–dextran) as an injec-
tion-site marker, into the cytosol of BHK21 cells. The cells
were fixed and stained to detect HA–Ran. Import was
rapid and saturable (Figure 1b). About 80% of the injected
Ran was imported into the nucleus within 10 minutes
when 10 µM HA–Ran was injected, but less than 25%
accumulated in the nuclei when the concentration of
HA–Ran was raised to 40 µM. Incubation of the cells at
4°C inhibited HA–Ran accumulation. These results argue
that Ran import does not occur by simple diffusion. To
determine whether nucleotide exchange is required for
Ran accumulation in the nucleus, recombinant HA–Ran
was injected into tsBN2 cells, which express a tempera-
ture-sensitive mutant of the Ran guanine-nucleotide
exchange factor, RCC1 [13,14]. Incubation of the tsBN2
cells at 39.5°C for 3 hours inhibits RCC1 expression and
nuclear protein import in these cells [3,15]. Under these
conditions, accumulation of HA–Ran — but not equilibra-
tion across the nuclear envelope — was inhibited
(Figure 1c). Thus, movement of Ran through the nuclear
pores is not compromised by the inhibition of RCC1-cat-
alyzed guanine-nucleotide exchange, but the formation of
a Ran gradient across the pores does require RCC1 func-
tion. How then is Ran transported through the nuclear
pores? One possibility is that it enters the nucleus as a
component of the import complex [16]. Alternatively, a
separate import mechanism for Ran may exist. 
When HA–Ran was added to digitonin-permeabilized
cells in the presence of an energy-regenerating system,
with reticulocyte lysate as a source of soluble factors,
nuclear accumulation of Ran was observed (data not
shown). Import of Ran is also observed during classical
protein nuclear import assays using recombinant factors
[4]. Thus, Ran import is probably mediated by a known
soluble factor. Present in the import assays is Ran
GTPase-activating protein (RanGAP), which hydrolyzes
GTP bound to Ran [17]. We reasoned, therefore, that only
those proteins that can bind Ran–GDP, for example
NTF2 [5], would probably function as nuclear import
factors for Ran. To test the hypothesis that NTF2 can
function as an import factor for Ran, permeabilized cells
were incubated with recombinant NTF2, Ran and an
energy-regenerating system. After 30 minutes, the cells
were fixed and stained with anti-Ran antibodies. Under
these conditions, staining of the nuclear envelope was
apparent, with significant accumulation of Ran within the
nucleosol (Figure 2a). Accumulation of Ran in the nuclei
was dependent on the presence of NTF2 and on energy.
Staining of residual endogenous Ran was negligible
(Figure 2a, bottom panel), because it is lost during the
initial permeabilization step [16]. In addition to binding to
Ran–GDP, NTF2 can bind to nucleoporins such as p62
[18,19]. Thus, the formation of the NTF2–Ran–GDP
complex may permit facilitated diffusion of Ran through
the nuclear pores by the binding of this complex to
nucleoporins. Alternatively, NTF2 could act indirectly
within the pores to permit Ran entry, rather than through
binding to Ran. To distinguish between these hypotheses,
we used a point mutant of NTF2 (E42K), which has a
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Nuclear import of HA-tagged Ran in intact BHK21 cells. (a) Homotypic
fusion of BHK21 cells transiently transfected with 10 µg either pKH3-
Ran or pK-GFP–GR. Cell cultures were trypsinized 48 h after
transfection, mixed, then allowed to adhere to the plate and fused
using polyethylene glycol [11,23]. After incubation for 1 h with
35.5 µM cycloheximide, cells were fixed and stained for HA–Ran using
12CA5 anti-HA antibody (1:5000) and a Texas-Red-coupled anti-
mouse secondary antibody. Images were captured using a 60× water-
immersion lens and processed using Openlab and Adobe Photoshop
software. Merged images captured with the GFP and Texas Red
channels are shown. (b) Nuclear import of microinjected HA–Ran is
rapid and saturable. Recombinant HA–Ran was produced in
Escherichia coli as a glutathione-S-transferase (GST)–HA–Ran fusion
protein. The GST portion was cleaved from HA–Ran using thrombin
and was removed using GSH–Sepharose. HA–Ran at a concentration
of 10–40 µM in microinjection buffer with 2 mg/ml TRITC–dextran was
injected into the cytosol of BHK21 cells. After 10–15 min at 25°C, the
cells were fixed and stained with 12CA5 then with a FITC-coupled
anti-mouse antibody. (c) BHK21 cells incubated at 4°C for 10 min
were injected with 10 µM recombinant HA–Ran, incubated for 20 min
at 4°C then treated as in (a). The tsBN2 cells were incubated either at
33.5°C or 39.5°C for 3 h before injection, then held at these
temperatures for 20 min before fixation. 
lysine residue at position 42 instead of glutamic acid and
binds p62 but not Ran [6]. This mutant was unable to
mediate the nuclear accumulation of Ran–GDP in the
permeabilized cell assay (Figure 2b). Together, these data
support the conclusion that NTF2 binds directly to Ran
and mediates import into the nucleus. The energy
requirement for Ran import is a reflection of RCC1-cat-
alyzed nucleotide exchange, which is necessary for net
accumulation within the nucleus (Figure 1). 
To determine whether the nuclear import of Ran by
NTF2 is specific, or whether it is a property common to
any Ran-binding protein that can interact with nucleo-
porins, we tested the ability of transportin and importin-β
to facilitate nuclear Ran accumulation in permeabilized
cells. Neither transportin nor importin-β were able to
mediate Ran import in the absence of NTF2 (Figure 3).
In the presence of NTF2, however, transportin signifi-
cantly increased the accumulation of Ran within the
nucleoplasm (Figure 3a), suggesting that nuclear trans-
portin may sequester Ran–GTP formed after dissociation
of the Ran from NTF2. A fragment of importin-β compris-
ing residues 45–462 cannot bind Ran and associates irre-
versibly with nuclear pores inhibiting many types of
nuclear transport [20]. If NTF2-mediated Ran import
depends upon NTF2 docking to nucleoporins, then the
importin-β fragment might block Ran import. To test this
idea, we supplemented the import assay with 2 µM
importin-β(45–462), which dramatically reduced associa-
tion of Ran with the nuclei (Figure 3b). This effect of
importin-β(45–462) may also be caused by the displace-
ment of endogenous importin-β and other Ran-binding
proteins from the nucleus.
Our results suggest that Ran is imported in the GDP-
bound state by NTF2. To confirm this conclusion, we
asked whether Ran–GTP could function as a substrate for
import using a GTP-loaded dominant-interfering Ran
mutant, Ran(G19V)–GTP, which is insensitive to
RanGAP [21]. This protein was not a substrate for nuclear
accumulation in the presence of wild-type NTF2 and
energy (Figure 3b).
Based on these data, we propose a model for NTF2 func-
tion (see Supplementary material published with this
paper on the internet). NTF2 binds Ran–GDP in the
cytosol with high affinity. The NTF2–Ran–GDP complex
then interacts with nucleoporins that line the interior
surface of the nuclear pores. The complex can move back
and forth across the pore by facilitated diffusion. If the
complex encounters RCC1 (and GTP) at the nuclear side
of the pore, nucleotide exchange will trigger conversion of
Ran–GDP to Ran–GTP and release of Ran–GTP from the
NTF2. Ran-binding proteins within the nucleus
sequester free Ran–GTP and promote further nucleotide
exchange by mass action. This model does not exclude
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Figure 2
The nuclear import of Ran is mediated by NTF2. (a) Digitonin-
permeabilized BHK21 cells were incubated for 30 min at 25°C with
buffer containing an energy-regenerating system [24] in the presence
of 1 µM recombinant Ran and/or 1 µM recombinant NTF2 [5], as
shown. The cells were then washed, fixed and stained with an anti-Ran
mouse monoclonal antibody (Transduction Laboratories, R32620/L1;
1:500) and a Texas-Red-labeled secondary antibody, together with
DAPI (0.02 µg/ml) to detect DNA. (b) Import assays were performed
as in (a) in the presence of an energy-regenerating system, 1 µM
recombinant Ran and 1 µM either the wild-type NTF2 or the E42K
mutant of NTF2. The E42K mutant was created using PCR-based
mutagenesis [21] and purified over a Superose 6 column.
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the possibility that Ran may diffuse slowly through the
nuclear pores in the absence of NTF2. Indeed, high con-
centrations of Ran can abrogate the necessity for NTF2 in
nuclear import assays using permeabilized cells, and the
overexpression of Ran in yeast can rescue the viability of
an NTF2 deletion strain [22]. Rather, by facilitating Ran
import, NTF2 increases the efficiency of nuclear transport
in the face of rapid depletion of the Ran–GTP gradient.
Supplementary material
A model for the function of NTF2 is published with this paper on 
the internet.
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Figure 3
Characterization of NTF2-mediated Ran transport. (a) Nuclear
accumulation of Ran is enhanced by the addition of recombinant
transportin. Histidine-tagged transportin was bacterially expressed and
purified using Ni–NTA agarose beads (Qiagen). Import reactions were
performed in the presence of an energy-regenerating system for 2 min
at 25°C using 1 µM transportin, 1 µM Ran or 1 µM NTF2 as indicated
and processed as in Figure 2. (b) Full-length importin-β (imp-β) and the
importin-β(45–462) fragment were produced as GST fusion proteins.
The GST was cleaved using thrombin and removed with
GSH–Sepharose. Import assays for wild-type Ran or Ran(G19V) were
performed for 30 min as in Figure 2 using 1 µM importin-β or 2 µM
importin-β(45–462), as indicated. Ran(G19V) was loaded with GTP as
described previously [21], then incubated with permeabilized cells in
the presence of NTF2 and an energy-regenerating system as above. 
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S1Supplementary material
Figure S1
A model for NTF2 function in Ran import into the nucleus. NTF2
behaves as a dimer in solution. It binds to Ran–GDP in the cytosol and
associates with nucleoporins on the internal surface of the pore. The
complex can move back and forth through the pore by facilitated
diffusion. At the nuclear side of the pore, interaction with RCC1
permits nucleotide exchange of GDP for GTP, triggering release of
Ran from the NTF2. The Ran–GTP can then bind to nuclear proteins
such as transportin or importin-β (Ran-binding proteins, RanBP). NTF2
can then cycle by facilitated diffusion back through the pore to the
cytoplasmic side where it can bind more Ran–GDP.
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